f PALB2/FANCN is mutated in breast and pancreatic cancers and Fanconi anemia (FA). It controls the intranuclear localization, stability, and DNA repair function of BRCA2 and links BRCA1 and BRCA2 in DNA homologous recombination repair and breast cancer suppression. Here, we show that PALB2 directly interacts with KEAP1, an oxidative stress sensor that binds and represses the master antioxidant transcription factor NRF2. PALB2 shares with NRF2 a highly conserved ETGE-type KEAP1 binding motif and can effectively compete with NRF2 for KEAP1 binding. PALB2 promotes NRF2 accumulation and function in the nucleus and lowers the cellular reactive oxygen species (ROS) level. In addition, PALB2 also regulates the rate of NRF2 export from the nucleus following induction. Our findings identify PALB2 as a regulator of cellular redox homeostasis and provide a new link between oxidative stress and the development of cancer and FA.
T
he two major high-penetrance breast cancer susceptibility genes BRCA1 and BRCA2 encode very large proteins with a critical function in homologous recombinational repair (HRR) of DNA double-strand breaks (15) . PALB2 was discovered as a major BRCA2 binding partner that controls its intranuclear localization, stability, recombinational repair, and DNA damage checkpoint functions (38) . Immediately after its discovery, germ line truncating mutations in PALB2 were identified in familial breast cancer (4, 22, 31) and the N subtype of Fanconi anemia (FA-N) (23, 37) . Later, PALB2 was also found to be mutated in familial pancreatic cancer, being the second most highly mutated pancreatic susceptibility gene after BRCA2 (7, 25) . Furthermore, hypermethylation of the PALB2 promoter occurs in a significant fraction (ϳ7%) of both sporadic and familial breast/ovarian cancer cases (21) . To date, dozens of truncating PALB2 mutations have been identified in cancer families around the world, causing moderate to very high risks of breast cancer (1, 26, 30) . Finally, certain single nucleotide polymorphisms (SNPs) in the gene have been suggested to confer an increased risk of breast cancer (2) .
The PALB2 protein contains a coiled-coil domain at the N terminus and a series of WD repeats at its C terminus (Fig. 1A) . The WD repeats together form a ␤-propeller structure that directly binds BRCA2 (18) , and the N-terminal coiled-coil motif was later found to directly bind BRCA1 (28, 41, 42) . Approximately 50% of PALB2 and 50% of BRCA2 are associated with each other in the cell with high affinity (28, 38) . The stoichiometry of PALB2-BRCA1 binding appears to be much lower (28, 42) . However, the interaction has proved crucial for HRR as several mutations generated in each protein that abrogate the interaction have been shown to greatly compromise repair efficiency (28, 41, 42) . Furthermore, multiple naturally occurring, patient-derived missense variants that disrupt PALB2 binding have been identified in both BRCA1 and BRCA2, and all of them have been found to abrogate HRR (28, 38) . Thus, PALB2 links BRCA1 and BRCA2 in HRR and breast cancer suppression (30) . Oxidative stress occurs when the level of cellular reactive oxygen species (ROS) exceeds the defense capacity of the cell. NRF2 is a master transcription factor that activates the expression of a large battery of antioxidant response element (ARE)-containing genes, which function together to mitigate oxidative damage and maintain cellular redox homeostasis (13, 29) . Under normal conditions, KEAP1, a cysteine-rich oxidative stress sensor, binds to NRF2 and functions as an E3 ubiquitin ligase that targets NRF2 for degradation (3, 5, 8, 39, 40) . NRF2 has two different KEAP1 binding motifs, a DLG motif and an ETGE motif (9, 14, 32) , Interestingly, KEAP1 forms a dimer in the cell, and one NRF2 molecule can bind both monomers-one with the DLG and the other with the ETGE motif (14, 32) . Since the two motifs have different binding affinities to KEAP1, the above binding mode is referred to as a hinge-and-latch configuration (33) . When both the ETGE motif (hinge) and the DLG motif (latch) bind to a KEAP1 dimer, NRF2 is positioned for ubiquitination and subsequent degradation.
Upon oxidative and certain other electrophilic stresses, KEAP1 is modified on its cysteine residues, leading to a conformational change that disrupts its binding at NRF2's DLG motif, which has a weaker binding affinity to KEAP1, with the ETGE motif still bound. As such, NRF2 is no longer ubiquitinated and instead sequesters the bound KEAP1, allowing other, free or newly synthesized NRF2 to enter and accumulate in the nucleus to activate ARE-containing genes (29) . In addition to targeting NRF2 for destruction in the cytoplasm, KEAP1 also represses NRF2 function in the nucleus by blocking its binding to AREs and by exporting NRF2 out of the nucleus during the postinduction phase (27) . Moreover, increasing evidence suggests that NRF2 itself may also function as a sensor of oxidative stress through its redox-sensitive nuclear export signal and an internal ribosomal entry site (IRES) in its mRNA (10, 11) .
In this study, we discovered a direct interaction between PALB2 and KEAP1. Intriguingly, PALB2 contains an extended ETGE motif (LDEETGE) identical to that of NRF2. Being a nuclear protein, PALB2 prevents KEAP1 from binding to NRF2 in the nucleus, thus promoting its nuclear concentration and ARE association. Therefore, a new mechanism of NRF2 regulation within the nucleus has been identified. Our findings may have important implications for the role of oxidative stress in the development of PALB2-associated diseases as well as cancer and FA in general.
MATERIALS AND METHODS
Plasmids, small interfering RNAs (siRNAs), and antibodies. The FLAGhemagglutinin (HA)-double-tagged PALB2 and KEAP1 expression plasmids (pOZ-FH-N-PALB2, pOZ-FH-C1-PALB2, and pOZ-FH-N-KEAP1) were constructed as described before (38) . pOZ-FH-C1 is a variant of pOZ-FH-C and contains a base change that terminates an upstream open reading frame whose protein product may potentially interfere with proper interpretation of results. Site-directed mutagenesis was performed according to Stratagene's QuikChange protocol to construct plasmids expressing PALB2 mutations (⌬E4, ⌬E4/5, T200, T400, 551X, T800, ⌬50 -75, ⌬76 -100, ⌬101-125, ⌬126 -150, ⌬151-175, ⌬175-200, ⌬DEETGE, E91R, G93R, T92E, Y28A, and A1025R) and KEAP1 mutations (NBTB, ⌬KC, and ⌬C). Myc-green fluorescent protein (GFP)-double-tagged KEAP1-and PALB2-expressing plasmids were constructed by cloning PCR-amplified KEAP1 or PALB2 cDNAs into a modified pEGFP-N3 (Clontech) containing an N-terminal Myc tag.
Four to six individual siRNAs for each gene studied were screened in U2OS cells to determine knockdown efficacy by Western blotting and evident off-target effects which were judged from unusual morphology changes and/or excessive toxicity. Six different control siRNA sequences were screened over the course of this study, and ones that showed noticeable effects on cell growth were excluded. Finally, three control siRNA sequences and three individual sequences for each gene studied were selected and pooled for knockdown analysis. The sense sequences of control siRNAs are as follows: NSC1, UUCGAACGUGUCACGUCAAdTdT; NSCQ, UUCUCCGAACGUGUCACGUdTdT; and LUC1, CGUACGCG GAAUACUCUAUdTdT. The sense sequences of gene-specific siRNAs are as follows: PALB2-718, GGAAAAGACUAAAGGAACAdTdT; PALB2-1493, UCAUUUGGAUGUCAAGAAAdTdT; PALB2-2693, GCAUAAAC AUUCCGUCGAAdTdT; KEAP1-1495, ACAACAGUGUGGAGAGGUA dTdT; KEAP1-1803, GAAACAGAGACGUGGACUUdTdT; KEAP1-2529, GAUAAGUAACCCUGUAAUUdTdT; NRF2-786, UGAAGAGAC AGGUGAAUUUdTdT; NRF2-1214, UGACAGAAGUUGACAAUUAd TdT; and NRF2-1834, GAGAAAGAAUUGCCUGUAAdTdT. siRNAs were synthesized by Sigma Genosys.
Antibodies used to detect BRCA2 (anti-BRCA2F2 and -F9) were affinity-purified rabbit polyclonal antibodies described previously (38) . PALB2 antibodies M10 and M11 were raised in rabbits against residues 1 to 120 and 601 to 880, respectively, and affinity purified. Anti-NRF2 (C20 and H300) and anti-KEAP1 (E20) antibodies were purchased from Santa Cruz. Anti-BRCA1 (catalog no. 07-434) was purchased from Millipore. Monoclonal anti-NRF2 (EP1808Y) and anti-GFP (mAb3E6) were purchased from Abcam and Invitrogen, respectively. Monoclonal anti-KEAP1 (K2769), anti-HA (HA-7), anti-␣-tubulin (T9026), anti-FLAG M2 beads, and anti-HA affinity resin were purchased from Sigma.
Cell culture, transfection, extracts, and immunoprecipitation (IP). 293T, T98G, and U2OS cells were all grown in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS) at 37°C with 5% CO 2 . HeLa S3 and T98G cells stably expressing PALB2 or harboring an empty vector were generated as previously described (37) .
To transiently express PALB2, KEAP1, and NRF2 proteins, 293T cells were transfected in 6-well plates using Fugene 6 (Roche) according to the manufacturer's instructions. At 30 h after transfection, cells were harvested and whole-cell extracts were prepared in 400 l of NETNG300 (20 mM Tris-HCl, pH 7.4, 300 mM NaCl, 1 mM EDTA, 0.5% NP-40, 10% glycerol). FLAG-tagged and GFP-tagged proteins were precipitated with M2-agarose beads or anti-GFP antibody bound to protein A-agarose beads, respectively.
For siRNA knockdown experiments, U2OS cells were seeded the day before transfection at 200,000 cells per well in 6-well plates, and transfections were performed using Lipofectamine RNAiMax (Invitrogen) according to the manufacturer's instructions. The final concentration of siRNAs was 10 nM. At 48 to 54 h after transfection, cells were harvested and whole-cell extracts were prepared in 100 l of NETNG420 (20 mM Tris-HCl, pH 7.4, 420 mM NaCl, 1 mM EDTA, 0.5% NP-40, 5% glycerol) for Western blotting analyses. All cell lysis buffers contain the Complete protease inhibitor cocktail (Roche). Nuclear and cytoplasmic extracts were prepared using the NE-PER cell fractionation kit (Pierce).
Purification of PALB2 protein complex. FLAG-HA-tagged PALB2 protein complex was purified from nuclear extracts (NE) derived from 3 ϫ 10 8 HeLa S3 suspension cells stably expressing PALB2 by two rounds of affinity purification using anti-FLAG and anti-HA beads, respectively. The final material bound to the HA beads was eluted with 0.1 M glycine (pH 2.5) and neutralized with 0.1 volume of 1 M Tris-HCl (pH 8.5). Purified material was resolved in a 4% to 12% Bis-Tris SDS gel (Invitrogen), and Coomassie blue-stained protein bands were excised from the gel and subsequently analyzed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) at the Biological Mass Spectrometry facility of Rutgers University and Robert Wood Johnson Medical School.
In vitro transcription-translation. In vitro translation (IVT) was performed using the TNT T7 quick-coupled transcription-translation system (Promega). In brief, T7 promoter and Kozak sequences were added to primers to amplify FLAG-HA-double-tagged or HA-tagged template cDNAs by PCR. Then, the cDNA templates were incubated with the rabbit reticulocyte lysate-based TNT T7 Quick Master mix according to the manufacturer's instructions for 90 min at 30°C.
Immunofluorescence (IF) staining. Briefly, cells were grown on glass coverslips in 12-well plates to ϳ80% confluence. Cells were washed with phosphate-buffered saline (PBS) and fixed with 3% paraformaldehyde in PBS at room temperature (RT) for 10 min. Fixed cells were washed with PBS and permeabilized with PBS containing 0.5% Triton X-100 at RT for 5 min. Cells were then washed and incubated at 37°C for 20 min with primary antibodies in PBS containing 5% goat serum. Coverslips were washed and then incubated with rhodamine (tetramethyl rhodamine isocyanate [TRITC])-or fluorescein (fluorescein isothiocyanate [FITC])-conjugated secondary antibodies (Jackson ImmunoResearch) for 20 min at 37°C. Finally, coverslips were washed 3 times with PBS and mounted on slides with Vectashield mounting medium with DAPI (4=,6-diamidino-2-phenylindole; Vector Labs).
In vitro competitive binding assay. For assay with extracts only (see Fig. 5A ), 293T cells grown in 10-cm dishes were cotransfected with HA-NRF2 and Myc-KEAP1-GFP expression plasmids to produce preformed complex or transfected with either FH-PALB2-WT or FH-PALB2-T92E expression plasmids to generate competitor proteins. At 48 h after transfection, whole-cell extracts were prepared in 1 ml RIPA buffer (10 mM sodium phosphate, pH 8.0, 150 mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1% SDS) containing 1 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), and protease inhibitor cocktail (Roche). Competitive binding assay was performed by mixing a constant amount of HA-NRF2/Myc-KEAP1-GFP cotransfection extract (containing preformed complex) with increasing amounts of FH-PALB2-WT-or FH-PALB2-T92E transfection extract. Any difference in volume between samples was offset by adding empty-vector-transfected cell extract to make endogenous PALB2 equal. Myc-KEAP1-GFP was immunoprecipitated (IPed) from the mixtures with an anti-GFP antibody and protein A beads. Western blotting was performed to check co-IPed HA-NRF2 and PALB2 using anti-NRF2 (H300) and anti-PALB2, respectively.
For assays with isolated complexes and in vitro-translated (IVTed) proteins (see Fig. 5B and C), preformed FH-NRF2/KEAP1-GFP complex or FH-PALB2/KEAP1-GFP complex was produced by immunoprecipitation (IP) from cotransfected 293T cells using anti-FLAG M2 beads and washed. The beads were then mixed with increasing amounts of in vitrotranslated HA-tagged PALB2T551 or NRF2 and rocked for 3 h at 4°C. Proteins bound to the beads were analyzed by Western blotting.
For assays with in vitro-translated products only (see Fig. 5D ), FH-KEAP1 DNA template (3 l) was mixed with various amounts of HA-NRF2 DNA template (4, 3.5, 3, 2.5, and 2 l) and HA-PALB2 DNA template (0, 0.5, 1, 1.5, and 2 l). Then, in vitro transcription-translation reactions were performed to obtain a series of mixtures with a constant amount of FH-KEAP1 and different ratios of HA-NRF2 to HA-PALB2. FH-KEAP1 protein was IPed with M2 beads, and the levels of co-IPed HA-PALB2 and HA-NRF2 were analyzed by Western blotting. All templates were linear PCR products.
ROS measurement. Cells in 6-well plates were washed twice with PBS and then incubated with fresh phenol red-free DMEM containing 10% fetal bovine serum and 25 M DCF (2=,7=-dichlorofluorescein diacetate; Sigma; catalog no. D6883) at 37°C for 20 min. Cells were washed twice with PBS and trypsinized. Harvested cells were washed and resuspended in PBS at ϳ10 6 cells/ml. ROS levels were measured by flow cytometry with excitation at 488 nm and emission at 515 to 545 nm.
Luciferase reporter assay. To determine the effect of overexpression of various PALB2 species on endogenous NRF2 activity (see Fig. 4F ), U2OS cells were seeded in 24-well plates at 250,000 cells per well and cotransfected with 200 ng of firefly luciferase reporter plasmid (pARE-LUC), 25 ng of Renilla luciferase expression plasmid (pRL-SV40), and 200 ng of either the pOZ-FH-N vector or pOZ-FH-N-PALB2 for 48 h. To measure the effect of PALB2 depletion (see Fig. 6C ), U2OS cells were seeded in 24-well plates at 150,000 cells per well and treated with siRNAs for 48 h first and then cotransfected with 200 ng pARE-LUC and 25 ng of pRL-SV40 for 30 h. Both firefly and Renilla luciferase activities were measured with the dual luciferase reporter assay system (Promega). Firefly luciferase activity was normalized with Renilla luciferase activity to control for sample-to-sample variations in transfection efficiency. All reporter gene assays were repeated independently at least three times.
ChIP assay. U2OS cells were seeded the day before transfection at 1.25 ϫ 10 6 /dish in 10-cm dishes and then treated with control siRNA pool or PALB2 siRNA pool. At 48 to 54 h after transfection, cells were treated with 18.5% formaldehyde to cross-link proteins to DNA. Chromatin immunoprecipitation (ChIP) assays were performed using the EZ-ChIP chromatin immunoprecipitation kit (Millipore; catalog no. 17-371) according to the manufacturer's instructions. Briefly, after in vivo crosslinking, cells were lysed and sonications were performed to shear the chromatin to a manageable size (200 to 1,000 bp). Immunoselections of crosslinked protein-DNA were performed with anti-rabbit IgG (negative control), anti-NRF2 (H300), anti-mH3K4 (positive control), and protein G-conjugated agarose beads. Protein-DNA complexes were washed, and then protein-DNA cross-links were reversed to free DNAs. The purified DNAs were analyzed by real-time quantitative PCR as described previously (27) .
NRF2 postinduction degradation and export measurement. U2OS cells were treated with control siRNA pool or PALB2 siRNA pool. At 48 h after transfection, cells were washed twice with PBS and then treated with either dimethyl sulfoxide (DMSO) (as controls) or 100 M tBHQ in fresh DMEM for 3 h. Cells treated with DMSO were harvested for preparation of whole-cell extracts or nuclear extracts. Cells treated with tert-butylhydroquinone (tBHQ) were further washed twice with PBS to remove tBHQ and then incubated with fresh DMEM for 0 h, 1.5 h, or 3 h. Whole-cell extracts were made and used to check the rate of NRF2 degradation. Nu-clear extracts were prepared using the NE-PER nuclear and cytoplasmic extract kit (Pierce) according to the manufacturer's manual to check the rate of NRF2 export.
Statistical analysis. All pooled data presented are averages of at least 3 independent experiments. The standard deviations and one-sided P values were calculated using the GraphPad Prism software (v.5).
RESULTS
Identification of KEAP1 as a PALB2 binding partner. In searching for potential new functions of PALB2, we carried out tandem affinity purification to identify its new interacting partners. A Cterminally FLAG-HA-double-tagged PALB2 (PALB2-FH) was purified from HeLa S3 suspension cells stably expressing the protein. As shown in Fig. 1B , known PALB2 binding partners BRCA2, BRCA1, RAD51, and MRG15 were all copurified and identified by mass spectrometry analysis. Interestingly, KEAP1 was found to be a component of the PALB2 complex. To confirm this interaction, we first tested if endogenous PALB2 could be coimmunoprecipitated (co-IPed) with a GFP-tagged KEAP1 protein transiently expressed in 293T cells. As shown in Fig. S1A in the supplemental material, both endogenous PALB2 and BRCA2 were readily coIPed, although it was unclear if KEAP1 binds PALB2 or BRCA2. Next, we performed reciprocal co-IP of endogenous proteins in U2OS cells with two different affinity-purified PALB2 antibodies and one monoclonal KEAP1 antibody, and co-IP of the endogenous proteins was observed in both cases (Fig. 1C) . Since PALB2 is a nuclear protein, we further tested if it indeed interacted with KEAP1 in the nucleus. When U2OS cells were fractionated into cytoplasmic and nuclear components, all PALB2 and approximately a quarter of KEAP1 were found in the nuclear extract (NE), and PALB2-KEAP1 complex formation was clearly detected in this fraction (see Fig. S1B ).
Subsequently, we attempted to compare the stoichiometries of PALB2-KEAP1 and NRF2-KEAP1 bindings under different conditions. U2OS cells were treated with DMSO (control), hydrogen peroxide (H 2 O 2 ), tert-butylhydroquinone (tBHQ; an oxidative stress inducer and NRF2 inducer), or the DNA-damaging agent camptothecin (CPT), and then endogenous PALB2 and NRF2 were IPed. As shown in Fig. 1D , the binding between KEAP1 and PALB2 was not affected by any of the treatments. In contrast, tBHQ treatment clearly enhanced KEAP1-NRF2 complex formation; hydrogen peroxide also elicited a slight increase of the binding, whereas CPT produced no effect. Interestingly, even after tBHQ induction, the amount of KEAP1 co-IPed by either of the two NRF2 antibodies was still much smaller than that in the PALB2 IP (compare lanes 17, 18, and 15 in Fig. 1D ). Although we were unable to determine the amounts of NRF2 IPed by the two antibodies due to high background on the Western blot when probed with all available NRF2 antibodies, it appears possible that the stoichiometry of KEAP1-PALB2 binding may be higher than that of KEAP1-NRF2 binding. U2OS cells were mainly used in this study since these cells express relatively low levels of NRF2, which is greatly induced after KEAP1 depletion (see Fig. S1C in the supplemental material and see also Fig. 6A) . Also, the expression and behavior of PALB2 as well as its key binding partners BRCA1 and BRCA2 in U2OS cells are well characterized.
To determine if PALB2 directly binds KEAP1, we generated in vitro-translated (IVTed), epitope-tagged full-length KEAP1 and PALB2 proteins as well as a series of truncated KEAP1 fragments ( Fig. 2A and B) . We then mixed each KEAP1 species with PALB2 and IPed the latter from the mixture with an anti-PALB2 antibody. As shown in Fig. 2B , full-length KEAP1 was efficiently coIPed with PALB2 (lane 9) but none of the truncated KEAP1 proteins lacking the KC region was IPed (lanes 6 to 8), indicating that the binding between full-length KEAP1 and PALB2 is specific and direct. Subsequently, we asked if the KC domain is sufficient for PALB2 binding using a transient-transfection and IP-Western blotting experiment. As shown in Fig. 2C , the KC region was able to bind both PALB2 and BRCA2, suggesting that KEAP1 may bind PALB2 with the same structural element as that for NRF2.
Direct interaction between the ETGE motif of PALB2 and the kelch domain of KEAP1. Extensive domain mapping was then carried out to identify the KEAP1 binding site on PALB2. First, deletion of the exon 4-encoded region (residues 71 to 561) was found to abolish the binding (Fig. 3B, lane 3 versus lanes 4 to 7) . Then, the binding site was narrowed down to within the N-terminal 200 residues of the protein (Fig. 3B, lane 9) . Finally, we generated and tested a series of 25-amino-acid (aa) deletions in the N terminus and found that residues 76 to 100 are essential (Fig. 3C,  lane 4) . Intriguingly, amino acid sequence alignment identified a 7-aa motif (LDEETGE) between residues 76 and 100 that is highly conserved across mammalian species, and this motif is identical to the ETGE motif of NRF2 that binds KEAP1 (Fig. 3D) . Mutations of the critical T residue as well as several other residues within the NRF2 ETGE motif have been shown to abrogate NRF2-KEAP1 interaction, allowing NRF2 to escape KEAP1-mediated repression (12) . To test if PALB2 indeed binds KEAP1 with this motif, we generated a deletion mutant and a series of point mutants (E91R, T92E, and G93R). As shown in Fig. 3E , all mutants failed to form complexes with KEAP1. Therefore, we conclude that the ETGE motif of PALB2 directly interacts with the kelch domain of KEAP1 in a fashion similar to the NRF2(ETGE)-KEAP1 interaction (12, 19) . As expected, none of the mutations affected the binding of PALB2 to BRCA1 or BRCA2 (Fig. 3F) , indicating that the binding events are independent and separable.
PALB2 overexpression promotes NRF2 nuclear accumulation and reduces ROS level. Based on the above finding, we hypothesized that PALB2 may be able to compete with NRF2 for KEAP1 binding and therefore may "protect" NRF2 from KEAP1-mediated repression. To test this hypothesis, we cotransfected HA-tagged NRF2 and Myc-GFP-double-tagged PALB2 into 293T cells and examined their expression and localization. Since highlevel overexpression of NRF2 may overwhelm cellular KEAP1 and lead to artifacts, we titrated the amount of HA-NRF2 plasmid used to a level where we could detect weak and mostly cytoplasmic staining of HA-NRF2 when it was cotransfected with Myc-GFP. The largely cytoplasmic localization of the HA-NRF2 observed here may be due to the relatively large amount of KEAP1 in 293T cells (see Fig. S1C in the supplemental material). Under such a condition, overexpression of wild-type (wt) PALB2 strongly increased the level of NRF2 and promoted its accumulation in the nucleus (Fig. 4A) . In contrast, overexpression of the T92E mutant showed a much weaker effect, indicating that the effect of wt PALB2 is mediated by its KEAP1 binding.
We also generated T98G glioblastoma cell lines stably expressing PALB2 double tagged with FLAG and HA epitopes (Fig. 4B  and C) . For reasons so far unknown, T98G cells have a much higher NRF2 level than do U2OS and other cells surveyed in this study (see Fig. S1C in the supplemental material), with the only exception being the A549 lung cancer cell line, which has been shown to harbor a KEAP1 mutation that impairs NRF2 binding (24) . The endogenous NRF2 in T98G cells is localized in the nucleus and can be clearly observed using immunofluorescence (IF) (Fig. 4B) . While the majority of these stable cells showed a low level of ectopic PALB2 expression, in some cells the tagged PALB2 was overexpressed (Fig. 4B) . Interestingly, in all cells expressing ectopic PALB2 at high levels, NRF2 staining signals were clearly stronger than those in cells expressing ectopic PALB2 at low levels or cells harboring the vector alone (Fig. 4B) . Consistently, the average abundance of (nuclear) NRF2 in cells expressing tagged PALB2 was also significantly higher than that in control cells (Fig.  4C) . A similar observation was also made in HeLa S3 cells overexpressing the same tagged PALB2 (Fig. 4D) . Additionally, we observed in PALB2-overexpressing cells a slight decrease of KEAP1 in the cytoplasm and a corresponding increase in the nucleus ( Fig.  4C ; see also Fig. S2B in the supplemental material), suggesting that PALB2 binding to KEAP1 may promote the nuclear retention of the latter to some degree. However, this effect appears to be small under the setting used and remains to be further investigated under different conditions. Since a key function of NRF2 is to mitigate reactive oxygen species (ROS) in the cell, we asked if PALB2 overexpression would reduce ROS levels. When ROS levels of the above T98G cell lines were measured using the DCF (2=,7=-dichlorodihydrofluorescein) assay, it was undetectable in both lines, consistent with the high endogenous NRF2 abundance in these cells. In the stable HeLa S3 cell line, we observed a significant decrease in ROS level compared with that in cells harboring the vector (Fig. 4E) . Note that PALB2 overexpression was observed in greater than 80% of the cells (see Fig. S2A in the supplemental material). We also generated U2OS stable cell lines, but ROS measurement would not be meaningful since only a minor percentage of cells (ϳ10 to 15%) showed clear exogenous PALB2 expression even after repeated selections (data not shown).
To directly measure the transcriptional activation activity of endogenous NRF2 in PALB2-overexpressing cells, an ARE-LUC reporter was employed (39) . As shown in Fig. 4F , ectopic expression of wt PALB2 increased endogenous NRF2 activity by more than 2-fold, whereas the two KEAP1 binding mutants (T92E and G93R) failed to show any effect. Since PALB2 also directly interacts with BRCA1 and BRCA2, we asked whether these interactions affect its activity to bind KEAP1 and promote NRF2 nuclear localization and function. To this end, we generated PALB2-Y28A and -A1025R mutants, each of which abrogates its BRCA1 or BRCA2 interaction, respectively (Fig. 4G) (18, 28) . Interestingly, both mutants were equally active compared with wt PALB2 (Fig.  4F) . Like wt PALB2, these two mutants also increased NRF2 accumulation in the nucleus (see Fig. S3 in the supplemental material) . These results clearly demonstrate that the basic function of PALB2 to promote NRF2 activity depends on its KEAP1 binding but not its BRCA1/2 interaction, although the possibility that BRCA1/2 may modulate this PALB2 function under certain conditions cannot be ruled out. Surprisingly, the A1025R mutant also impaired PALB2-BRCA1 binding under the setting used (Fig. 4G) . However, this does not contradict the conclusion reached above.
PALB2 effectively competes with NRF2 for KEAP1 binding. The question whether PALB2 is able to disrupt KEAP1-NRF2 interaction was directly addressed. Since the abundance of endogenous NRF2-KEAP1 complex is low and difficult to obtain by IP with available antibodies (Fig. 1D) , we cotransfected HA-NRF2 and Myc-KEAP1-GFP to obtain the complex. When an increasing amount of wt PALB2-FH was added to such preformed HA-NRF2/Myc-KEAP1-GFP complex (in cotransfected cell lysate), a decrease of NRF2 in the Myc-KEAP1-GFP IP along with a steady increase of PALB2 was observed (Fig. 5A ), indicating that PALB2 is able to compete with NRF2 for KEAP1 binding and disrupt preformed KEAP1-NRF2 complex. Again, the PALB2T92E mutant protein was unable to elicit any effect, validating the specificity of the competition. Note that lanes 3 to 5 in the PALB2 panel of Fig. 5A contain both endogenous and the tagged PALB2, whereas lanes 7 to 9 contain only endogenous PALB2 since the tagged T92E mutant is defective in KEAP1 binding.
To compare the affinities between NRF2-KEAP1 and PALB2-KEAP1 complex formations, in vitro competition assays were performed. The complexes were obtained by cotransfection followed by IP and washing. Then, increasing amounts of in vitro-translated (IVTed) PALB2 or NRF2 competitors were added to each respective target complex, and the amounts of KEAP1 released were analyzed. Due to the relatively large size of PALB2 (130 kDa), an N-terminal fragment encompassing residues 1 to 550 (PALB2T551) was used for IVT. This fragment has a size similar to those of NRF2 and KEAP1. As shown in Fig. 5B and C, the IVTed PALB2 was able to disrupt the NRF2-KEAP1 complex and released KEAP1 in a dose-dependent manner, and the IVTed NRF2 exhibited similar activity against the PALB2-KEAP1 complex. Furthermore, we also performed a triple IVT experiment in which various amounts of NRF2 and PALB2 were produced along with a fixed amount of KEAP1. As shown in Fig. 5D , when similar amounts of NRF2 and PALB2 were produced in the same reaction (lane 3), significantly more PALB2 was bound to KEAP1 than was NRF2. Taken together, these results indicate that the binding affinity between PALB2 and KEAP1 may be equal to or greater than that between NRF2 and KEAP1 and lend further support to our model that PALB2 promotes NRF2 activity by competitively preventing and/or disrupting KEAP1-NRF2 interaction.
Depletion of PALB2 reduces NRF2 activity and increases cellular ROS level. Unlike in T98G cells, the ROS level in U2OS cells could be readily detected. Cells were treated with siRNAs against PALB2, KEAP1, and NRF2 to deplete the respective proteins, and the ROS levels were measured. As expected, depletion of NRF2 greatly increased the ROS level, whereas KEAP1 knockdown substantially decreased cellular ROS, presumably through a profound upregulation of NRF2 (Fig. 6A and B) . PALB2 depletion increased the ROS level by nearly 50% compared with treatment of cells with control siRNA. Interestingly, the total amount of cellular NRF2 was largely unchanged under the same condition (Fig. 6A) . Of note, a moderate reduction of the KEAP1 amount was often observed in NRF2-depleted cells (lane 4).
Next, we directly measured the transcriptional activation activity of endogenous NRF2 in the above siRNA-treated cells using the ARE-LUC reporter. As shown in Fig. 6C , NRF2 depletion reduced the reporter activity by approximately 5-fold and KEAP1 depletion upregulated the activity by ϳ2.5-fold, validating the suitability of the assay system. Under this setting, knockdown of PALB2 reduced the luciferase activity by about 2-fold, indicating that endogenous NRF2 transcription activity is impaired in the absence of PALB2.
Subsequently, mRNA amounts of nine NRF2 target genes (NQO1, GCLM, TXN, HMOX1, TXRD1, GSTP1 , GCLC, AKR1B10, and AKR1C1) were surveyed following PALB2 knockdown in U2OS cells. To better understand the regulation of these genes by NRF2 under the setting used, their expression levels after KEAP1 and NRF2 depletion were also determined in parallel. As shown in Fig. S4A in the supplemental material, seven out of the nine genes, particularly AKR1C1, showed substantial to dramatic upregulation after KEAP1 depletion. The remaining two, TXRD1 and GSTP1, exhibited weak induction. Upon an acute loss of NRF2, only four genes (NQO1, GCLM, AKR1B10, and AKR1C1) showed significant downregulation, whereas HMOX1 and GCLC expression even increased significantly. These results demonstrate that, under the setting used, most NRF2 target genes positively respond to NRF2 induction but a significant fraction of the genes do not depend on NRF2 for basal expression, with some evidently having alternative, NRF2-independent induction mechanisms. Importantly, mRNA levels of NQO1, GCLM, AKR1B10, and AKR1C1, whose basal expression appeared to depend on NRF2, decreased upon PALB2 depletion. The expression of a similar panel of NRF2 downstream genes was also measured following PALB2 depletion in T98G cells. Although these cells express a high level of NRF2 (see Fig. S1C in the supplemental material), KEAP1 depletion elicited a further and large increase in NRF2 amount (see Fig. S4B ), indicating an intact KEAP1 regulation of NRF2. As also shown in Fig. S4B in the supplemental material, the expression of In vitro competition between PALB2 and NRF2 for KEAP1 binding. Different amounts of PALB2 and NRF2 were generated together with a fixed amount of KEAP1 in triple IVT reactions by using different combinations of amounts (in l) of PCR-generated templates for KEAP1, PALB2, and NRF2 (top panels). Then, KEAP1 was IPed and the amounts of KEAP1, PALB2, and NRF2 in the precipitates were analyzed by Western blotting using anti-HA antibody, which recognizes all 3 proteins (bottom panels).
NQO1, GCLC, TXN, and AKR1C1 was reduced after PALB2 depletion, indicating that NRF2 activity on these genes is compromised in the absence of PALB2.
Since loss of PALB2 led to an increased ROS level and reduced NRF2 transcriptional activity without significantly affecting its total abundance in the cell, we suspected that either its concentration in the nucleus or its association with AREs of its target genes may be reduced. In addressing the first possibility, nuclei of U2OS cells treated with control or PALB2 siRNAs were isolated and the NRF2 amount was examined. As shown in Fig. 6D and E, cells depleted of PALB2 exhibited significantly and reproducibly smaller amounts of NRF2 in the nucleus. Next, we asked whether NRF2 binding to the ARE in the NQO1 promoter is impaired by chromatin immunoprecipitation (ChIP) and quantitative PCR analyses and found that depletion of PALB2 reduced NRF2 binding to NQO1 ARE by approximately 2-fold ( Fig. 6F and G) . Taken together, these results indicate that endogenous PALB2 promotes NRF2 accumulation in the nucleus and binding to ARE and thus its transcription activation activity.
PALB2 impedes NRF2 nuclear export and degradation postinduction. Having analyzed the effect of PALB2 on NRF2 abundance and activity under basal conditions, we further asked whether PALB2 also modulates NRF2 induction as well as its postinduction export and degradation, which are both regulated by KEAP1. Control or PALB2-depleted U2OS cells were subjected to tBHQ treatment (100 M for 3 h) and NRF2 amounts were examined. As shown in Fig. 7A and B, tBHQ induced NRF2 by approximately 3.5-fold in both control and PALB2-depleted cells, indicating that PALB2 does not play a role in the initial induction of NRF2 by this agent. However, when NRF2 levels were further monitored following tBHQ removal, PALB2-depleted cells showed moderately faster reduction of total NRF2 abundance than did control cells. Then, we analyzed the amounts of NRF2 in cell nuclei under the same conditions. Although the nuclear NRF2 amount was smaller in PALB2-depleted cells before induction, it was induced by a magnitude (ϳ3-fold) similar to that in control cells ( Fig. 7C and D) . By 1.5 h after tBHQ removal, whereas nuclear NRF2 in control cells remained unchanged, it had decreased significantly in PALB2-depleted cells. These results indicate that PALB2, by binding KEAP1 and reducing its complex formation with NRF2 in the nucleus, interferes with KEAP1-mediated NRF2 export and degradation in the postinduction phase.
DISCUSSION
In this study, we discovered a novel interaction between the PALB2 tumor suppressor and a key oxidative stress sensor, KEAP1. We demonstrated that PALB2 shares a conserved ETGE KEAP1-binding motif with NRF2 and can effectively compete with NRF2 for KEAP1 binding. As such, PALB2 enhances NRF2 function by impeding KEAP1-NRF2 interaction in the nucleus, thus preventing KEAP1-imposed block of NRF2-ARE association and KEAP1-mediated export of NRF2 (Fig. 8) . Importantly, depletion of PALB2 led to increased ROS levels and downregulation of a subset of NRF2 target genes whose basal expression relied on NRF2 activity under the setting used. Thus, this study identified PALB2 as a new regulator of NRF2 and redox homeostasis.
Interestingly, PALB2 depletion reduced NRF2 function without significantly affecting its protein level (Fig. 6A and B) . Since PALB2 is a nuclear protein, it is plausible that it may not directly affect KEAP1-mediated NRF2 degradation, which occurs in the cytoplasm (27) . KEAP1 was originally thought to be a cytoplasmic protein that sequesters and degrades NRF2 in the cytoplasm, but it has now been made clear that a significant fraction of KEAP1 exists in the nucleus and represses NRF2 therein by blocking NRF2 access to AREs and exporting NRF2 out of the nucleus for degradation (27) . In this vein, PALB2-KEAP1 association may reduce the amount of nuclear KEAP1 available to block and export NRF2, thus increasing NRF2 nuclear concentration and activity. This notion is supported by our data showing a smaller NRF2 amount in the nucleus preinduction and a faster decrease of nuclear NRF2 postinduction in PALB2-depleted cells. However, total NRF2 amounts were similar in control and PALB2 knockdown cells, indicating that under the setting used, the exported NRF2 was not completely degraded in a timely manner.
Since KEAP1 is an E3 ubiquitin ligase, it may potentially ubiquitinate PALB2 and earmark it for proteasome-mediated destruction. However, when KEAP1 was depleted in U2OS cells to an extent that NRF2 was greatly upregulated, no meaningful change in PALB2 protein level was observed (Fig. 6A) . Similarly, strong induction of NRF2 but lack of change in PALB2 level following KEAP1 depletion was also observed in HeLa cells, MCF-7 and T47D breast cancer cells, and MCF-10A normal breast epithelial cells (data not shown). Therefore, KEAP1 does not appear to be an effective E3 ligase for PALB2 under most conditions, due presumably to the different compartments in which the KEAP1-Cul3 E3 ligase (cytoplasm) and PALB2 (nucleus) are localized. This is further supported by the fact that KEAP1 overexpression in HeLa It is reasonable to speculate that the extent of PALB2's influence on NRF2 activity may depend on the relative abundance of PALB2, KEAP1, and NRF2 in the nucleus, which may vary substantially in different tissues or under different conditions. Due to the relatively recent discovery of PALB2, its expression patterns in different tissues have not been well documented. Based on the only information available in www.genecards.org, the PALB2 expression level shows great variation among both normal and cancer tissues/cells. In particular, PALB2 appears to be consistently overexpressed in breast, colon, pancreas, and lung cancers when measured by 3 different approaches-DNA microarray, electronic Northern (eNorthern) blotting, and serial analysis of gene expression (SAGE). Since PALB2 mutations are rare, it is likely that most of the tumors analyzed would have overexpression of the wt protein, which may alter the balance between PALB2 and KEAP1 in the nucleus, leading to reduced NRF2 repression by KEAP1, increased target gene expression, and, ultimately, a favorable redox condition and a growth advantage for the tumor cells. Similarly, certain tissues may express high levels of PALB2 under normal conditions and "enjoy" better protection of NRF2 from KEAP1. However, these tissues may also be more prone to oxidative damage upon PALB2 loss. Further study is needed to address these issues.
Oxidative stress has been implicated in a wide variety of diseases, including cancer and FA (20, 34) . Somatic mutations in KEAP1 and NRF2 have each been found in 10 to 15% of lung cancers, and most of these mutations abrogate KEAP1-NRF2 binding (6, 29) . In breast cancer, two somatic KEAP1 mutations have been found (36) , and one of them has been shown to compromise KEAP1 E3 ligase activity (16) . All these mutations presumably lead to constitutive NRF2 overexpression, which appears to confer growth advantage and drug resistance on tumor cells (17, 35) . In addition, FA cells are generally hypersensitive to oxidative stress, although the exact mechanism(s) remains poorly defined (20) . In this context, our study provides a new and direct link between oxidative stress response and the development of breast cancer, pancreas cancer, and FA. 
